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Abstract
An analysis of monkey eye movements in classic conjunction and feature search tasks was made. The task was to find and fixate
a target in an array of stimuli. Saccades targeted stimuli accurately (red and green bars, 1.250.25°), landing most of the time
within 1.0° of the stimulus center and rarely in blank areas far from any stimulus. Monkeys used target color, but not orientation,
to selectively guide search. Saccades moved the point of fixation on the average just beyond the area that could be examined by
focal attentive mechanisms during the current fixation, as described in a previous paper (Motter BC, Belky EJ. The zone of focal
attention during active visual search. Vis Res 1998;38:1007–22). This distance scales with the density of relevant stimuli in the
scene. The saccade targeting data suggest that the locations of items of a particular color, but apparently not of a particular
orientation, are available outside the region of focal attention. Color feature selection can apparently block the distracting effects
of color unique distractors during search. © 1998 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction
In simple arrays, defined here as a scattering of
independent objects on a single surface, active visual
search for a known target proceeds as a series of
fixations. Within each fixation an area around the point
of fixation, whose size depends on stimulus density, can
be successfully processed for the presence of the target
[1]. If the target is not present, the eyes move to a new
location. What controls where the eyes go? If the only
information available to guide the eyes was that ob-
tained within the limited area processed during the
fixation, then selection of the next location would be a
matter of generating an eye movement somewhere out-
side of the area sampled. Clearly some visual informa-
tion is available to guide saccades. We can, for
example, confine search to the surface containing the
objects. Although focal attention can be directed away
from the fixation point when maintained fixation is
required, our previous work did not find obvious sup-
port for covert attentive scanning during active visual
search [1]. For example, fixation durations during ac-
tive search were not related to the number of stimuli
either in the array or the near vicinity of the fixated
stimulus. If eye movements move the line of sight
beyond the limited area of focal attention and if eye
movements are not randomly directed, then guidance
during active search must be based on non-focal, per-
haps pre-attentive, mechanisms. Attention models gen-
erally posit an initial bottom-up processing of the scene
that provides a pre-attentive scene segmentation into, at
minimum, a map of object locations [2,3]. In addition
certain object features, such as color, may limit search
to subsets of items that contain that feature [17], as
evidenced by a reduction in total search time required
to find the target.
The area of conspicuity surrounding each fixation
position and within which targets can be detected with
high probability, was examined in a previous report [1].
The present study of active eye movement search exam-
ines where fixations land during search, whether sac-
cades carry fixation out of the general area just
examined and whether search is guided by target color
and:or orientation to specific subsets of items in the
scene. An additional experiment examines whether
strong pop-out distractors necessarily disrupt search, or
do so only when they share features with the target.
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2. Methods
The methods used are the same as previously re-
ported [1], as are the two practised rhesus monkey
subjects. The database used here for the first set of
experiments is the same as that used for the first
experimental series in the previous report. Eye position
measurements were made using chronically implanted
scleral search coils. Both animals had extensive prior
experience with video displays of simple stimuli. Part of
the reason for using highly practised subjects was to
assure that the performance remained stable over many
behavioral trials and therefore, would be compatible
with future behavioral neurophysiological studies. All
experiments were conducted under protocols approved
by the Institutional Animal Care and Use Committees.
Stimuli were high contrast red and green bars (1.0
0.25°) presented in orthogonal orientation pairs (for
one animal, 45 and 135° and the other animal, 0 and
90°). Search arrays contained 6, 12, 24, 48 or 96 stimuli
evenly distributed across a 3425.5° video display
field. Data collection and stimulus generation were
accomplished using a Number Nine video card in a PC
computer system. Stimuli were displayed on a Hitachi
HM-4319 monitor at a viewing distance of 57 cm with
a resulting 22 pixel:deg resolution. On each trial the
target was randomly chosen from the four different
stimulus combinations of color and orientation.
In the first series of experiments feature and conjunc-
tion style arrays were used [2]. Feature targets had
either a unique color or a unique orientation (with the
distractors having one feature dimension the same and
the other feature dimension the opposite). Conjunction
style targets were a unique combination of color and
orientation with distractors composed of the opposite
orientation or color pairings (see Fig. 1). Distractor
types were balanced 50–50% in conjunction arrays. The
second series of experiments employed feature style
search arrays with a few (2%) additional feature unique
distractors added.
Targets were presented at a fixed set of 44 locations,
with distractors spread over the remaining area using a
matrix grid to control the spatial distribution (see [1]
for details). Trials were initiated by fixation of a black
dot in the center of the display. Once fixated (search
coil measurement) the dot was replaced by the trial’s
target for a period of 1–1.5 s, followed by the presenta-
tion of the array. Subjects had to find and fixate the
target for 600 ms to complete the trial. A single target
was present on every trial. Stimulus conditions were
randomly permuted trial-by-trial. A large number of
trials (\5000) were collected for each experimental
series to assure \2500 midtrial fixations per condition.
Midtrial fixations are defined as all fixations occurring
during the trial except for the initial fixation on the
fixation point and the final fixation on the target.
All displays were viewed binocularly. Monocular eye
position was sampled at the midpoint of each video
frame (55 Hz). Calibrations did not change during the
experimental series. Fixations were defined by using a
Fig. 1. Conjunction search trial. Meandering line shows path of eye movements during search for target. From a center start saccades carry
fixation though a sequence of stimuli until the target is found in lower left. Not only are stimuli targeted (as opposed to random saccade
placement), but stimuli of the correct color are selected. Midtrial fixations during search are marked by dots. Scale bar is 5°.
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threshold intersample change of 0.2° (11° s1), below
which a fixation was declared, above which a saccade
was declared. Fixation locations were defined as the
mean position during a fixation period. Acquisition of
the target was defined by an initial eye position within
1.00° of the center of the target that remained within
1.50° of the target for 600 ms. If the target was ac-
quired but the eye then moved away within 600 ms, the
trial proceeded normally until the target was eventually
fixated for the correct duration. If the target was not
acquired within 7262 ms the array was turned off and
the trial was terminated. Search time is defined as the
time between the onset of the array and the onset of
acquisition of the target.
3. Results
3.1. Experiment 1. Acti6e search for a known target
3.1.1. Standard conjunction search displays
Fig. 1 illustrates the active search occurring during a
conjunction style search trial. The meandering line is
the path taken by the eye during the search starting in
the center of the display and finally landing on the
target in the lower left. The trial is reasonably typical
and illustrates two observations: (i) saccades place fixa-
tions very near stimuli; and (ii) these occur preferen-
tially near stimuli of the same color as the target. In
addition, saccades are, for the most part, restricted in
amplitude, moving within local regions rather than
skipping back and forth across the entire array.
3.1.2. Saccade targeting
Fixations were directed to stimuli rather than blank
areas of the display. To quantify these observations,
measurements were made of the distance between the
center of each fixation and the center of the nearest
stimulus for all midtrial fixations in the conjunction
series. These measures are summarized in the his-
tograms of Fig. 2. For both subjects 80% of all fixations
were within 1.0° of an array stimulus. Fig. 3 shows
where fixations were placed during search as percent-
ages of total midtrial fixations. Each fixation was
classified as having landed on a stimulus if it was within
1° of the stimulus center. Rare occurrences of multiple
stimuli within 1° were assigned to the nearest one.
Fixations lying \1° from any stimulus were labeled as
having landed on ‘blank’ portions of the display. The
two subjects were nearly identical in their fixation loca-
tion distributions. The total area of the display was 867
sq deg. Excluding a 1° radius zone around each stimu-
lus, 98% of the display is blank area for an array of six
items and this value falls to :65% of the display area
for an array of 96 items. However, as shown in Fig. 3,
only :20% of fixations were classified as landing in
blank areas of the display. Importantly, the percentage
of blank area fixations did not change as a function of
array size indicating that stimulus locations were in fact
targeted (see Fig. 4).
Saccades are guided to stimuli that match the target
in color. Measurements were made of the distance from
the fixation location to the nearest stimulus of the
target color and the target orientation. The ‘color’
curve in Fig. 2 shows that saccades place fixations near
stimuli of the same color as the target. The ‘orientation’
curve is essentially flat, indicating there is no bias for
landing near stimuli of the same orientation as the
target. Clearly fixations preferentially land near stimuli
of the same color as the target. In fact :75% of
fixations landed on stimuli of the same color as the
Fig. 2. Stimulus proximity. Histograms show the proximity of the
nearest stimulus to fixations during active visual search for each
subject. Filled circles, distance of nearest stimulus; filled inverted
triangles, the nearest stimulus of correct color; open triangles, the
nearest stimulus of correct orientation. Distances are measured from
average position during a fixation to center of stimulus. Stimuli were
1.250.25° bars. The dip to the left of the peaks is due to the
distribution of fixations along the elongated stimuli. A bias develops
for measures because distances were measured to the center of the
stimuli rather than to the nearest stimulus border.
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Fig. 3. Where saccades go. Distributions of midtrial fixations for both
subjects. Pie diagrams represent the percentage of total fixations that
landed in blank areas, on stimuli or even on the target but only
briefly. Data are collapsed across array size. Fixations landing more
than 1.0° away from any stimulus are categorized as having landed
on a blank area. When saccades targeted a stimulus they did so
almost exclusively onto stimuli of the correct color (including the
actual target), landing on stimuli of the correct orientation but wrong
color only 5% of the time.
Fig. 4. The probability of landing on a stimulus match-
ing the target color decreased slightly over the first four
fixations from :0.82 to :0.70, at the same time the
probability of landing on blanks rose from :0.12 to
:0.24. These values indicate that, as the trial pro-
ceeded, the accuracy of targeting of individual stimuli
decreased slightly, however the use of color to guide
fixations to stimuli of the appropriate color was present
from start to finish. The plots in Fig. 4 show that these
results hold for each array size.
3.1.3. Saccade amplitude
Given that stimuli of the appropriate color are
targeted by the majority of saccades, is there a further
restriction on what stimuli are selected based on their
location? Indeed, saccades target stimuli that are rela-
tively nearby. This result is illustrated in Fig. 5. Fig. 5
shows the distribution of saccade amplitudes measured
from saccades that did not capture the target for each
of the five array sizes during conjunction search trials.
Saccade lengths were measured as the distance between
mean positions of successive fixation locations. Saccade
amplitudes, binned in 1.00° intervals, are shown as a
percentage of the total number of saccades for each
array size. The distributions show a clear bimodal
distribution. The peak associated with small amplitude
saccades include small corrective saccades following
Fig. 4. Observed probability of fixations landing on stimuli of the
correct color or on blank areas in the display as a function of the
sequence of fixations occurring during a trial. The family of curves
represents data from different array sizes 6–96, (6, open circle; 12,
filled triangle; 24, open triangle; 48, filled circle; 96, open box). No
differences related to array size were found. There is a clear decrease
in probability of a fixation landing on a correctly colored stimulus
that is matched by an increase in landing on blank areas. However,
saccades clearly continue to target stimuli of the correct color
throughout the trial.
target and only :5% of fixations landed on stimuli of
the appropriate orientation but wrong color (see Fig.
3). About 3% of the time the target was fixated, at least
briefly, before the eyes moved on to another location. It
is clear from this evidence that color was used to guide
search.
The percentage of fixations landing on a stimulus
matching the target in color was analyzed as a function
of the fixation sequence to determine whether targeting
of correct colored stimuli was more accurate during the
initial part of the trial as compared to later in the trial.
To assess this option, the probability of landing on
correct colors, correct orientations, blanks and targets
were separately determined for each fixation in the
sequence of fixations within each trial for the conjunc-
tion type trials. The data for fixations on stimuli of the
correct color and for landing on blanks is shown in
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Fig. 5. Distribution of saccade amplitudes. Saccade amplitudes for
saccades that did not capture the target are shown for the different
array size search conditions as a percentage of total saccades for that
array size. The array size curves sort in an ordered fashion and only
the smallest (6) and largest (96) are labelled. The bimodal distribu-
tions depict a small amplitude group of ‘corrective’ saccades and a
larger group of targeting saccades, with average saccade amplitude
decreasing as array size increases. The average interstimulus distance
(ISD) for stimuli randomly distributed in the display is shown as a
separate curve. Each distribution curve is normalized for the area
under the curve. Saccades are clearly not randomly skipping from one
stimulus to another.
tions all indicate a much shorter average saccade than
expected by chance from the ISD distribution. For an
array size of six, corrective saccades of 1° or less make
up :20% of the total saccades. If they are removed
from consideration then the amplitude distribution for
array size six data roughly approximates the ISD distri-
bution with a slight average shift toward smaller
saccades.
A simple hypothesis is that the nearest stimulus is
being targeted on each saccade, or in light of the above
feature selection, the nearest stimulus of the appropri-
Fig. 6. Targeting distances. (A) Saccadic amplitudes from Fig. 5 have
been scaled to units of the average nearest neighbor for each array
size. The saccade strategy is clearly not to go to the nearest neighbor,
an ANND distance of 1.0, but to target stimuli somewhat beyond the
nearest ones. (B) Saccadic amplitudes this time are re-scaled to the
average nearest neighbor of the correct color for the search trial. This
time for arrays of six and 12 the distributions are nearly centered on
a cANND value of 1.0 indicating that in the sparse arrays saccades
targeted the nearest stimulus of the correct color. For more dense
arrays, saccades targeted stimuli slightly further away, skipping over
the nearest correctly color stimuli.
longer saccades as well as small saccades that occurred
in the vicinity of a stimulus, for example, from one side
of the stimulus to the other or from one end to the
center. Most of the short amplitude saccades, in fact,
occur in a sequence with larger amplitude saccades, as
illustrated in Figs. 6 and 7A. For each array size in Fig.
5, the bulk of the saccades are associated with the
second peak. The distribution of interstimulus distances
(ISD) is also shown in Fig. 5. Because stimuli could be
placed essentially anywhere in the display, the ISD is
the same for different array sizes and depicts the prob-
ability distribution of vectors of a given length con-
strained by the display boundaries. The curve depicted
was empirically determined from the database. Clearly,
stimuli that are selected for saccade targets are not
randomly chosen with respect to distance, as the sac-
cade amplitude distributions differ substantially from
the interstimulus distance distribution. The rightmost
portion of each of the saccade distributions overlaps,
presumably indicating a common amplitude constraint.
Because the slope of the ISD curve in this region
matches that of the data, it seems reasonable that the
overlap simply reflects the limitations of a bounded
display area. With the exception of the data for an
array size of six items, the saccade amplitude distribu-
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Fig. 7. Consecutive saccades. Amplitudes and directions taken by
consecutive saccades during search through conjunction arrays for
one subject. Data exclude the final targeting saccade. (A) Amplitude
scatter plot for consecutive saccade pairs. Most small saccades were
associated with a longer saccade rather than several small saccades in
a row. (B) Direction of the next saccade relative to the direction of
the previous saccade plotted in polar coordinates. Radial distance is
the ratio of the length of the next saccade to the previous saccade
(next:previous). The inner dashed circle is at a ratio of 1.0 where both
saccades were of the same length; the outer dashed circle represents a
ratio of 2.0. There is a slight bias for the next saccade to avoid the
area just crossed by a saccade, although a return saccade to a
previous fixation location occurs on 3–4% of trials as indicated by
the cluster of points just above the center.
for each array size from the database. The saccade
lengths in degrees were then divided by this value,
yielding a saccade amplitude expressed in ANND and
cANND units. Fig. 6 depicts the transformed data
distributions. The alignment of the positive going slopes
of the second peak of each distribution reflects the
general relationship between saccade amplitude and the
scale of distances between objects in the display. That
is, given that stimuli are being targeted, the saccade
amplitudes must reflect at least the minimum spacing of
stimuli in the scene. In Fig. 6A the peaks of the
distributions are all occurring at a distance greater than
one ANND unit, that is, saccades in general target
stimuli that are beyond those in the immediate vicinity
of the fixation. It should be remembered that the data
shown are for saccades that do not capture the target.
Saccades that capture the target are essentially all
within two ANND units [1].
Of interest is whether the saccades are directed at the
nearest stimulus of the correct color. If they are, then
the distribution should be centered at 1.0 cANND units
in Fig. 6B. This appears to be true of the distributions
for arrays of six and 12 stimuli, whereas for larger array
sizes the saccades target items beyond the nearest stim-
uli of the correct color. The shift to larger cANND
values in larger arrays should not be confused with
actual saccade amplitudes. As seen in Fig. 5, saccade
amplitudes are in fact getting smaller with larger arrays.
Instead what appears to be occurring is that in the
larger (denser) arrays the subjects are skipping over the
nearest color matching stimuli. This action implies that
they are able to determine that those nearby stimuli are
not targets. Presumably those nearby stimuli are within
range of the focal attentive processing mechanisms
centered at fixation and extending out about two
ANND [1]. Saccades of about two ANND then move
fixation just out of the area covered by focal attention.
In the smaller arrays (six and 12 items) a 1.0 cANND
saccade approaches half the display size, thus the distri-
butions for the smaller arrays may be ‘artificially’
shifted to the left by the physical constraints of the
display. Alternatively, the small number of potential
targets in the small arrays may shift the efficiency of the
search toward an item-by-item basis (see Fig. 9).
3.1.4. Saccade direction
Several attempts were made to characterize the over-
all pattern of scanning observed during search trials. In
general, saccades moved the point of fixation about the
arrays with occasional corrective short saccades follow-
ing longer saccades. Although scanning patterns could
be classified into categories we created, e.g. clockwise
scans, center-out scans, corner search scans, etc., the
pattern observed on any given trial seemed to arise as a
function of the distribution of stimuli having the target
color within the boundaries of the display, rather than
ate color. Conceptually, this cannot be the case as, in
most trials, this would result in back and forth saccades
between the closest stimulus pair (the issue of saccade
return is addressed below). Assessing the significance of
a choice between two or more nearly equidistant stimuli
poses a difficult analytic problem when attempted trial
by trial. Instead the average nearest neighbor distance
(ANND) between all stimuli and between all stimuli of
the same color (cANND) was empirically determined
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Fig. 8. Where saccades go in unique feature search arrays. Pie diagrams show the distribution of landing sites for feature search collapsed across
array size. In unique feature (pop-out) search the target is often captured on the initial saccade shown here as ‘captures target’. Otherwise
non-capturing saccades go to either blank areas, briefly on and off the target, or onto stimuli. In feature search non-target stimuli were either the
incorrect color or incorrect orientation depending on whether the target was a color pop-out or an orientation pop-out. Feature searches for an
orientation pop-out target were less likely to hit the target on the first saccade.
any scanning strategy. Consecutive saccade sequences
were broken out of the data set and analyzed for
directional biases. Fig. 7B shows the relative directional
headings for consecutive saccades taken from the first
9600 saccade pairs for one monkey. Data were drawn
from conjunction search trials having three or more
saccades, excluding the final targeting saccade. The
center of the plot represents the location of the fixation
after the first saccade of a pair. The data have been
rotated and scaled so that the fixation position preceding
the first saccade is located at coordinate angle 0, distance
1.0, just above the center of each plot. Each plot point
represents the endpoint of the second saccade. Thus, a
saccade that returned to the just previously fixated
position would be plotted at the coordinate angle 0,
distance 1. A cluster of points at the position of the initial
fixation of the sequence is apparent in the plot indicating
that some saccades did return to the position just
previously fixated. Overall, there was a slight directional
bias against saccades to areas between the previously
fixated stimulus and the current fixation location, seen
as a thinning in the scattergram just above the center
cluster. No other directional biases were found. Fig. 7B
illustrates that saccades are nearly randomly directed
with respect to the previous saccade’s trajectory.
3.1.5. Saccade returns
Saccades returned fixation to just previously fixated
stimulus locations :3–4% (subj–B 3.7%, subj–L
2.9%) of the time irrespective of array size. Such a
return saccade is illustrated in the upper right of Fig.
1. If one uses a simple sampling probability as a basis
to predict where a saccade would go, then for an
array of six items a 3–4% return appears to represent
avoidance of return, but the same percentage for an
array of 96 items represents a preference for return.
Based on this probability assessment, it appears that
the returns were intended after a small percentage of
saccades, rather than chance refixations. These returns
might suggest a correction for saccadic overshoot.
The duration of the fixation between the two saccades
was, however, no shorter than the average fixation
duration (t-test, PB0.05), a condition that might be
expected if the returns were corrective. This suggests
that the monkey’s occasionally went back to check
previously fixated stimuli either to confirm an obser-
vation or because the observation was incomplete.
The 3–4% occurrence rate is similar to the failure
rate for recognition that the target has been fixated
(see Figs. 3 and 8).
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3.1.6. Standard feature search displays
Search trials for feature unique stimuli were ran-
domly interleaved with the above conjunction search
trials. As previously reported, total search time or the
total number of fixations required to find the target,
were essentially unaffected by the number of items or
array density for either color or orientation pop-out
stimuli (see Fig. 2, [1]). Similar to the conjunction
conditions, saccades placed fixations very near stimuli
in the display rather than in the blank spaces between
stimuli. In this experimental series all distractors on a
given trial were identical, thus fixations that did not
capture the target were either on a blank space or on a
distractor of the wrong color (for color pop-out trials)
or of the wrong orientation (for orientation pop-out
trials).
The percentages of fixation locations are shown in
the pie diagrams of Fig. 8. About 50% of the feature
search trials were completed with a single targeting
saccade. These trials are included as a separate category
in the pie diagrams. Performance differences between
color and orientation search were clear for both mon-
keys. Capturing the orientation pop-out target on the
initial saccade was more difficult for both monkey
subjects. In addition, subject L was a little less accurate
in hitting the color pop-out than subject B, resulting in
a higher percentage of landings in blank areas, but not
onto the wrong stimulus. Again, in all conditions :3–
5% of the time a saccade landed on the target but then
moved away.
Clearly either color or orientation feature differences
can guide eye movements to capture targets. The effec-
tiveness of this guidance is shown in Fig. 9 in terms of
the cumulative probability of target capture as a func-
tion of the number of fixations within a trial for each
array size. Color feature, orientation feature and con-
junction search are all plotted in the graphs making
comparisons possible, albeit crowded. Color feature
search curves all overlap and occupy the upper leftmost
section of the graphs and indicate that, essentially, all
trials were over in at most three saccades. Conjunction
search curves (dotted lines and open triangles) form an
ordered group starting at the lower right for an array of
96 and proceeding in steps to the upper left. Orienta-
tion search falls mostly between the color and conjunc-
tion curves. Interestingly it also has an order to it, but
reversed from the conjunction data, except for the
relationship between the two densest arrays (see Fig. 9
enlargement). The reverse relationship, increased per-
formance with increased density, for the orientation
feature search suggests that orientation pop-out is a
function of contrast with neighboring elements rather
than a property of the oriented target bar itself. An
extension of this reasoning suggests that targets in
small, orientation feature, search arrays are not found
by pop-out but rather by serial item-by-item search. In
any case the orientation cumulative curve must cer-
tainly be near its maximum inefficiency at an array of
six, for with fewer stimuli a random item-by-item
search will be more efficient. The cumulative probabil-
ity curve for a random item-by-item search of three
stimuli (with replacement, but memory of current loca-
tion) is shown in the enlargement view of Fig. 9 by the
thick dashed line. Interestingly, this curve falls very
close to the conjunction array of six data, which in fact
corresponds to an array of three items when color
selection is taken into account.
Fig. 9. Cumulative probability of target capture as a function of the
number of fixations within a trial. Data are shown for conjunction
search (open triangles, dashed lines), for feature color search (filled
circles, solid lines) and for feature orientation search (no symbols,
solid line) as a function of the array size (6, 12, 24, 48 and 96 items).
Upper: Probability of target capture for feature color search is
independent of array size, whereas for conjunction search the increase
in array size is clearly reflected in the number of fixations required to
capture the target. Feature orientation search shows an interesting
reversal in that targets are more likely to be captured in higher
density arrays than low density arrays. Lower: Blow-up of area in
dashed box in upper figure with feature orientation data shown using
the array size as data point symbols. A cumulative probability curve
for a random item-by-item search (with replacement) through an
array of three stimuli is shown by the thick dashed line.
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Fig. 10. Feature search with strong distractors. Cartoon examples
depicting color and orientation feature search with strong distractors.
Target (T) and strong distractors (SD) presented in arrays of normal
distractors. Targets bore usual relation to normal distractors—they
differed in one dimension. Strong distractors differed in both orienta-
tion and color dimensions from normal distractors. Strong distractors
occurred on half of the feature search trials. In the arrays that were
actually used, spacing as well as T and SD locations were randomized
as in Fig. 1.
(the target) that was different from background and
half the trials contained the 2% strong distractors. Two
array sizes (48 and 96) were used. Sets were run in
blocks of 250 trials. Conditions within blocks were
randomized trial by trial. Sets alternated between the
color and orientation feature search blocks. As in previ-
ous experiments, the standard targets were precued and
were always present in the array and the subjects had to
find and fixate them for 600 ms to complete the trial
correctly. Five hundred trials for each condition, 4000
total per subject, were collected in sessions over 4 days.
3.2.2. Results
The effect of the strong distractors is illustrated in
Fig. 11, which shows the cumulative probability of
finding the target as a function of the sequence of
fixations within a search trial for each condition. The
effects were different for color versus orientation fea-
ture search. Color feature search (Fig. 11A) is rapid
with the probability of target capture in standard (con-
trol) conditions essentially 1.0 by the third fixation for
either array size. The addition of strong distractors
impaired performance. Trial by trial analysis revealed
that saccades often captured a distractor rather than
the target, with the initial fixation at near chance levels.
The cumulative probability scores reflect the distraction
in terms of the additional number of fixations required
to capture the target. Performance on the two arrays
sizes (48 and 96) was differentiated for trials with
distractors, reflecting the presence of one or two dis-
tractors. Addition of distractors of the same color as
the target appears to result in a serial-like search (ap-
parently with replacement) through the set of similarly
colored elements as deduced from the cumulative values
of the curves.
Performance on the orientation feature search task
shows only a small performance deficit for added dis-
tractors relative to the control data that are again
essentially identical for arrays of 48 or 96 stimuli (Fig.
11B). Overall, the performance levels on orientation
feature search were not quite as good as the color
performance levels. For the distractor condition the
difference between the array sizes (and number of dis-
tractors) is present but quite small. On a trial by trial
basis the difference between distractor and control was
an occasional capturing of a distractor rather than the
target. The subjects were usually able to ignore the
strong distractors of the wrong color (but correct orien-
tation) and perceive the orientation pop-out within the
large set of stimuli of the target color. In summary, the
presence of a color difference, regardless of how vivid it
is, does not routinely attract a fixation. On the other
hand, a color difference effectively segments the stimu-
lus field even when the task is heavily biased towards
orientation discrimination.
3.2. Experiment 2. Disruption of search by strong
distractors
The feature search results clearly demonstrate that
either a unique color or a unique orientation can guide
saccades to the target. However, the conjunction search
results suggest that color, but not orientation, is used to
designate a subset of stimuli through which search is
directed. These results suggest that in the colororien-
tation conjunction search task the color differences
segmented the display more effectively than the orienta-
tion differences. A question that arises from this obser-
vation is whether a color segmentation occurs even if
the task is clearly an orientation discrimination task. It
is possible that vivid color differences simply capture
attention and are difficult to ignore. We tested this
question by having the animals perform long blocks of
either an orientation or a color pop-out task and on
half the trials introducing one or two strong distractors.
Strong distractors differed from the background stimuli
in both color and orientation. If vivid color differences
simply capture attention then the distractors should
disrupt both tasks.
3.2.1. Methods
Two new sets of experiments were performed with
the same subjects and display apparatus. ‘Strong’ fea-
ture distractors having both an opposite color and
orientation from the background stimuli replaced 2% of
the background stimuli in otherwise standard feature
search arrays (see Fig. 10). The standard search targets,
differing from background by a single feature, were
used. Targets were randomly drawn from the four
combinations of color and orientation. Color feature
search and orientation feature search were run as sepa-
rate sets. Within each set, half the trials were standard
feature search trials with only a single stimulus element
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4. Discussion
What controls where the eyes go during active
search? In this study, where the task was to find and
fixate a target, saccades accurately targeted stimuli,
landing within 1.0° most of the time and rarely in blank
areas far from any stimulus. The saccades were not
randomly directed. On average, they moved the point
of fixation just beyond the set of nearest stimuli that
shared the target’s color (Fig. 6). Such saccades moved
fixation out of the area within which targets could be
found during the current fixation. Saccades targeted
stimuli of the correct color. Target color was used,
whenever available, to selectively guide search through
a relevant subset of the stimuli in the field. The ability
to selectively utilize color confirms a number of previ-
ous studies [4,5,17]. Although the specific targets could
not usually be identified outside a two ANND region
surrounding the point of fixation [1], the saccade data
indicate that stimuli outside that region could be very
accurately localized.
Our feature search results show that either a unique
color or a unique orientation can guide saccades to the
target. Why, then, cannot a unique combination of
color and orientation guide search directly to a target in
the conjunction condition? Color effectively segmented
the field during conjunction search, as incorrectly col-
ored items were ignored, but orientation ‘pop-out’
within the selected color subset did not occur. One
possibility, as stated in feature integration theory, is
that focal attention is needed to integrate or conjoin the
separate features [6]. A second possibility is that color
and orientation are not equivalent features, as sug-
gested by the fact that color was used almost exclu-
sively in guiding search through the conjunction arrays
of the current studies. The results of the feature search
with strong distractors experiment argues that the dif-
ference is not simply a matter of feature saliency. The
differences observed between array sizes in feature
search conditions (Fig. 9) suggest that orientation pop-
out depends upon contrast with neighboring stimuli.
These observations are supported by previous work
that has demonstrated that the discrimination of orien-
tation within arrays or textures is dependent on the
orientation contrast between the local spatial elements
[7–10] and with reports stating that orientation search
becomes inefficient when more than one distractor ori-
entation is used [11]. This suggests that search is guided
to individual oriented stimuli lying outside the zone of
focal attention by the orientation gradient at that loca-
tion rather than by the orientation property itself. Our
study does not offer proof that orientation cannot be
used to guide search, for example, we did not manipu-
late the color differences or use other dimensions in
combination with orientation. However, we did use the
strongest orientation difference possible with bar stim-
uli 90°. We thus hypothesize that the information
used to guide search beyond the zone of focal attention
is derived from surface features, such as color and
texture rather than higher order features, such as orien-
tation. The position and ordering of the cumulative
probability curves in Fig. 9 for orientation feature
search may thus reflect the transition from a random
item-by-item search in sparse arrays that lack effective
local orientation contrasts, to a parallel search in dense
arrays where local discontinuities in an orientation
gradient become effective in signaling target locations.
Fig. 11. Feature search with strong distractors. Cumulative capture probabilities for normal and strong distractor conditions. The upper pair of
curves (superimposed in A) are for normal feature search, the lower pair is for strong distractor conditions. Filled small circles, arrays of 48; open
large circles, array of 96 items. (A) Color feature search (color pop-out) is disrupted by strong distractors and appears to require serial search
through the set of appropriately colored stimuli. (B) Orientation feature search (orientation pop-out) is not nearly as disrupted by strong
distractors having the correct orientation but wrong color. Color segmentation seems to occur whenever color differences are present, even when
orientation segmentation would be more useful.
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The strong distractors of the second experiment were
used to test the hypothesis that color was simply a
stronger, more salient, feature that attracted attention.
The strong distractors were effective in disrupting
search only when they were the same color as the
target. Distractors that had the search target’s orienta-
tion but a different and unique color within the field of
view were, nevertheless, ineffective in disrupting search.
This result suggests that at least under conditions of
search for a known target, vivid stimuli do not auto-
matically disrupt search by attracting overt attention.
Even under pop-out search conditions a top-down
color selection or segmentation of the field was made
when search was being made for a known target. A
similar result occurs for covert orienting [12]. Pre-
sumably, under a comparative search strategy, such as
an odd-man-out strategy, top-down selection could oc-
cur only as a hypothesis was developed from the com-
mon inter-item relationships discovered during search.
4.1. Color feature maps
Many current models of visual search assume that
passive bottom-up processes provide an initial separa-
tion of visual input into parallel maps of basic features
such as color, motion, depth, orientation, etc. Some
models provide for top-down guidance by proximity
grouping or by placing processing emphasis on a partic-
ular basic feature [3,13]. Recent physiological studies in
cortical area V4 have demonstrated a top-down control
of neural activity that selectively enhanced the activity
associated with a selected color and suppressed activity
to background stimuli of other colors [14,15]. This
physiological differentiation could represent the seg-
mentation of the scene into potential targets and non-
targets, based on their color and thus serve as a priority
map for guiding attention and the selection of saccadic
targets. The activity in any given neuron was deter-
mined by whether the stimulus in its receptive field was
the selected color or not and not simply by the color
value. Thus the neurons did not code the color per se
but rather whether the stimulus was the target. The
differentiation in area V4 was not present when the task
did not require a color differentiation. The ‘color map’
was thus not simply a passive bottom-up process but
also an active one, such that when cued with a particu-
lar color it provided (across the topography of V4) a
map of the locations of stimuli containing that color.
This information is needed to explain the search perfor-
mance observed in the current study. These compari-
sons suggest that feature maps are dynamic entities that
can be selectively tuned based on knowledge about the
target. In the absence of a top-down model for the
target, the activation of the same map areas is based on
passive bottom-up processing that favors the biggest
brightest noisiest stimulus.
The results presented here and in a preceding
paper [1], are consistent with a simple perceptual
span model of saccadic scanning behavior. Targets
are detected with high probability within a restricted
area around the fixation point. The size of that
area is a simple function of the stimulus density of
the relevant stimuli. If the target is not found in the
area, then saccades move fixation outside this area
targeting stimuli of the appropriate color. Simulations
based on these factors make quite reasonable predic-
tions of search performance in varying size arrays
[16].
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